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The purpose of this investigation was twofold. The first 


goel was to develop an understanding of the flow behavior and 
interaction with the blades of a paddlewheel type Surface Inm- 
pulse Propulsion (SIP) system operating over a water surface. 
The second goal was to experimentally evaluate the effect of 
interblade webbing and wheel internal pressure on the thrust 
performance of a webbed SIP system. 
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A series of configurations of forward speed, wheel rpm, 
blade immersion depth, web length, and internal wheel pres- 
sure were tested. Application of the webbing material sig- 
nificantly improved thrust production. Two critical parameters 
were the ratio of web length to blade tip to tip distance and 
internal system pressure. Both influenced the losses common 
to such a system, water entrainment at blade exit and air 
entrainment in the blade cavities at blade entry. Improve- 
ments of as much as 600% were seen in thrust coefficient for 
the best case, and significant performance improvement was 
noted over a wide range of parameters. 


ee ge oe Mee 


DD sl? 1473 9 
c/N 01022014-6601 


ee 
SECURITY CLASSIFICATION OF THIS PAGESWRen Data Entered) 





Approved for public release; distribution 


Investigation of a Loose-Webbed Paddle 
Impulse Propulsocr 


by 
James Michaei Bann 
Meee halen a Sa TSS eNavy 
Pecunia hun LVYersity, 1976 
SWemeect ced 2n pertial fulfillment of 
requirements for the degrees cof 


MASTER OF SCIENCE IN 


NAVAL POSTGRADUAT 


BE scHoog 
Osczeober 195 


Z 


unizmited. 


Surface 


MECHANICAL ENGINEERING 





DUDLEY Kt ab 4 ! IPT ARY 
tf ove ; 


ABSTRACT 


RiemeouEPOose Of Chis investigation was twofold. The 
first goal was +0 develop an understanding of the flow 
behavior and interaction with th2 blades of a paddlewheel 
type Surface Impulse Propulsion (SIP) System operating cver 
a water surface. The second goal was to experimentally 
evaluate the effect of intarblade webbing and wheel internal 
pressure on the thrust perfcrmance sf a webbed SIP system. 
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series of ae ins «Sake of forward specd, whesl rpn, 
blade immersion depth, web length, and internal wheel pres- 
sure were tested. Apolication sf the webbing material 
Pine weae iy Inppoved thrust production. Wie. eG > 2 ieank 

BametersWWers the ratio of web length to blade tip to tip 
ance and internal system pressure. Both influenced the 
es common +o such a system, watér entrainnent at blade 
exit and air entrainment in the blade cavities at biade 
ome cy. Improvements of as much as 500% were seen in thrust 
ccefficien: for the best case, and significant performanc 
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The propulsion of amphibious or all terrain vehicles has 
bean a problem since their earliest introduction. One major 
d=ftficuity stems from the jiversity of «ype ard consistency 
Cemeeueomscl=tace Over which the craft is *o travel. I= may 
range from free surface water to sand and muskeg type 
<errain «hat is unable to Support the static load of thea 
vehicle. Invariably, a thrust generating system sptinaily 
Gesagned £05 One type of terrain exhibits a significantly 
degraded performance in other anvironments. 

The solution to this dilemma has traditionally been 
Sought in one ot two ways. Orne aethod is to design an 
optimal thrusting system for the environment in which «he 
raft will most often dpsrats and accept decreased pezrfor- 
Mance during operation over different su ces. The second 
perseeeGn: Ss <C COnfjzgure the vehicls with a plurality of 
PeoPpulslon SyScems, each Sptimized far a particular terrain. 
Common 2xampies are amphibious craft fitted with wmarins 
oropellors for over water aperation and Lo 
Bemeeana Lecomotion. Neither of these solut: 
Sere asfac tory. 

Meteo cOvVeEent Of surface Effscoc Vehicies (SEV), and 
particularly Air Cushion Vehicles (ACY), he propulsion 


qu2stion becomes even mora complex. I* is the ACV's ability 
ec 


+o hover "above" a surface without contact that constitutes 
Btogameces-. attraction. From «he propulsion perspective, 
HOWew@:, <zhis aon-contact hovering capability is a seurce of 
date ecu ¥ . 

As a result, «he only currently available propulsive 
systems for ACVs are +he air propellor and jet thrust. The 
technology is derived from aircraft practice. One example 








Figure 1 Bell Aerospace LACV-30 at Cruise Speed. 
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GOmeremien an @pplication is the LACV-30, shown in Fig 
operating over water at design cruis>= speed of 40 knots. 
Airc cushion vehicles ware initially envisioned with 

and 


speed capability thus the preopulsion systens ha 


evolved to mest “hat requirement. While 12 is zrue thar the 

i> cushion principle lends itselé « high speed travel, 

experience has shown that typical traditional missions 
he 


dieemipeing to utilize +t ARGV Ss teemmoledy anvolve only =: 
uw 


smail portion per operating flight hour at maximum specd. 


The remainder is spent at significant 


{<4 
be} 


il 
This aspect cf actual speration sheds 


a0dtifensr= Ligh. 
on the ACV propulsion quéstion. Piast, gi he Aen, prope Lior, 
Sized for a high design cruise spe2i, loses its avpeal at 








low speed, since propulsive efficisncy is several 
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A second aspect concerns ACV man¢uverability at W 
where asrodynamic surfaces such as rudders are inefisctive 
A maneuvering ACV, dJacking contact with a su u 
depend or control forces which are generated at the e 
Omen ausct power. This necessitates rotating the pr 
disk or thrust generator and/or uss of multiple ch 
1th differential power capability. This same consids 
also limits the grade clinbing and descent capability of a: 
AGI. 

Peeenind conSideration focusses cn the ‘*ezrrain-craf* 
interaction at low speed. While az high speed an ACV 
Peegely "Olteurs” ths scoray and debris stirred up by the air 
Gusmmmon, a= low speed it ~Finds itself in a highiy unfavor- 
able environment. Figure 2 iilustrates *hese conditions for 
an ACV operatin in a beach zone. This mode of operation 
Beswets 2h high erosion rates cf the propellors and hign 
probability of actual impact damage from forsign objects. 
heeetiae ys considerations include prope lloe. dec! space 


propellor noise, and personnel safsty. 


At «he other end of «hea spead spectrum are air cushion 
vehicle systems which can be nor SEOrEeeCtlLy Sauiea  neavy 
hicle ssldom 2xceed 19 


load moverts. Speeds for this type veh 
knots. If propellors were t 
v 


& 
o be usei for thrust generation, 
they would have to be of very low disk loading and 

ieege diameters to exhibit acceptable prcecpulsive ¢f£i- 
G22mmece Thus) as obviously not a practical alternative. 

R= a Sesult of these system constraints, che heavy load 
mover ACY is often towed by tug boat over water or by cater- 
Woelomet=ac. OL OVeTD land. An alternative considered in 
several designs is the Surface Impulse Propulsion (SIP) 
concept. The SIP system involves a low pressure wheel which 


i= Weenanically driven by a propulsion motor. The ccencepr 


#7) 


G@mevepeeccical in operetions over land. Thrust pertormance 
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of alow pressure wheal over water is rel 
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Peaauwrees 2 )lustrates One ™Zonfiguration o 


th 


a 

a wheeled Surface Impulss Propulsion systen. 
{ 
s 


Thus =here obviously is a speed range (10-30 knots) for 
Mercm these 15 NOt any On= Suitable propulsicn toncent. An 
alternative which may prove attractive is the marriage of 
tne so h addlewhsel for 


foe tire £o6r dand lJ>comotion 3and the 
water propulsion. The conbination wou 


YU 


Dyeci1id Gl& terrain propulsion system. The conc 
<rated with the aid of Figure 4. The proposed system 
d w 


consists of a paddlewheel which is configure Bon a Loosely 
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Figure 3 ACV Fitted with Wheeled SIP System. 


stretched fabric material between the paddlewheei blades 


h 
pea per. Means are provided =o selactively pressurize ths 
interior of the wheel thus controiling the shape or denploy- 
menz of the material between the voadiles. 
ee Sus LOL @psiweations over 
land. The wheel internal pressure is increased such that 
the interblade fabric is put in tension and assumes a convex 
Geyer y d=ecoubp. 2S “the SoOiid Sstcsuctural 
2@ and *he system behaves like a low 


E Water operation, Pielserd cds =n 


mo << Q 
m 


Figure 4& (b), the internal air pressure is decreased by tha 
cd 


craft operator and the interblade membrane assumes concave 
@e€ a 


gecmetry under th Ce2on oO: syvaLody2emac forces. This 
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(oyeecerd Locomotion Operating mode. 





(>) Marine propulsion operating mode. 
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Figure 4 Proposed Webbed Surfac2 Impulse Propulsor. 





allows the paddlewheel blades to ¢nyage the water and thus 
generate thrust. 

This investigation hai two goals. The first was to 
develop an understanding of the flow behavior and interac- 
tion with the blades of a paddlewhe21l type surface impuls= 
propuision system operating over 2 water surfaces The 
second goal waS to experimentally zvaluate the ef 
interblade webbing and wn=sl internal pressure on *he thrust 


performance of a webbed SIP system. 
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II. BACKGROUND 


A. LAND LOCOMOTION 


For propulsion, vehicles designed to travel on land 
meeenclOnelly rely ona ‘tractive force, SE eene -faaeecon 
between some member of the vehicl2= and the surface with 
Ween 2¢ 15 in contac<. In general, land vehicles can be 
@mecsanited in 2wo broad categories, on-road or off-read. 

An cn=-road vehicle is on® which is designed to follow 
some preconstructed or designated path. The common examples 
are automobiles and trains. Ahel= the. Dart cule Meszned sor 
Gemenwaelt nad tne fractional force reguired and the type of 


path or track involved may vary widelv, thase vehicles hav 
SGaSsampOrcant thing in common - the path with which the 
Wemectle MGS> interact will vary in its properties over onl 
avery small range. Thus the vehicl2's propulsive system is 
designed for operation in a relatively constant environment 
iia Dane tcular natural area cannot be modified <t0 accept 
the required on-road vehicle path, Se fy. “ONCE. 2nS* so Via, 
+he path becomes altered beyond design tolerances, ther the 
on-road vehicle simply cannot operate. 
The <echneology of on-road vehicles, while certainly not 
sagnant, is well understood in regard to basic concepts and 
2s at a stage of advanced develcpment. Research in this area 
centers around marginal inprovement in efficiencies and more 
often concerns new developments in the vehicle propulsion 
plant chan in the tracticn members themselves Memon 
improvemerts in the efficiencies of on-road vehicl?s ars 
likely to involve engine performance, suspension, or weight 


reduc*icn. 


ib) 





weiemo  COMplex category of land vehicle, and one in 
which basic research is much more recent and continuing, is 
Lies OLL-road-vehicle, or ORV. The 2pproach in this case is 
Gem@esign a Vehicle which will acespt interaction with *h 
Bement es Lt naturally 2xists, Caener  enagD altering the 
terrain to accept a vehicls. 

Bites biewary diftiiculty ais the lack of uniformity of 
terrain. Land may be mads up cf a vary locse, grainy struc- 
meee ouch aS sand, a tightiy packed solid Structure such as 
Cay, Of hard, impenetrable rock. While friction betwee 

vehicle and environment is still of orimary importance, «his 
varying terrain introduces other farttors which gain impor- 
tance. Cestain solls may stick to the vehicle, begging it 
down and clogging the operating mechanisms. Some soils pack 
under pressure, while others give way, allowing the vehicle 
eo Ss2nk in. Certain soil types have a rough characteristi 
Very supportive of friction, while others may have a ver 
tow £E£rictional coefficient, allowing casy sliding of vehicle 
propulsive members. Py dads con, moisture co 
change the characteristics of a soil type quite drastically 
over relatively short tims. 

Bekkez [Ref. 1] teas classified various soil and terrai 
Pyees ana condizions with respect to two primacy properties, 
cohesiveness (or plasticity) an Piereeen (ol -qaean ) 
Mins Gassiftication allows the varying terrain to bh2 cate- 
Seeizedeae tO 1tS interaction with the <ractive member of an 
ORV. 

Am Understanding of <he reaction forces exhibited by 
Varemouocecerca-n types allows <he choice of the type of tzrac- 
Geom Bonbect most suited to required terrein travel. Two 
common means of propulsion of ORVs are wheels with tires and 
roliing «racks. Wheeled vehicies may be agriculture rel 
Sete @== ana =rucks, recreational dune buggies, or the Lunar 


Rover used to transit the noonts surface. Tracked venicies 
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moemmas Jazge construction bulldozers and cranes as well as 
military tanks. 

Wrner factors important in the performance of ORVs, both 
tracked and wheeled, are the resistance to motion imposed by 
Micomecrncam due, fOr instance, to its cohesive naturs, and 
Blew Ora=-On, Cr lack of sinkage afforded by the terrain, 
allowing the vehicle to interact only with a shallow surfacs 
sayer of soil and not £5 sink. The latter would require 
physically moving the soil mass in ofr 
Furcher work by Bekker and by Wong [ Ref. 2 
Boos earce <0 mOtion and «to flotation h 
P@Pestca! relationships for predicting <he per 
both wheeled and ‘tracked vehicles over wiiely varyin 
terrain. Figure 5 showS a@ Summary or some ehicle types 
which Bekker predicts will have «he best node xf locomotion 
for different soil types (Ref. 3}. 

Advances in technology of materials have aided in the 
design of whesled ORYs. Tire technology advances have made 
pessible very large tires which have a large contact area 
and very low internal pressure. This combination reduces 
Sinkage. Extremely large, low pressure tires are now aveil- 
Aiees A20-root by 6=foot tire with internal pressure of 20 


psia and 500,000 pound capacity has been fabricatsd u 


6) 

}?- 
x 
WQ 


curing process [Ref. 4}. Tires up £9 40~foort diamets 


4 


internal pressure less «han 5 psi ara technically po 


ss 
Thea use of articulated or flexibiy sectioned vehicles 
D a 


has greatly enhanced ORV capability +o climb steep grades 
and +o overcome cbstaclas. Bekker and others have buil+ and 
Gaeswem@epssocOosype vehicles to study this aspect or perfor- 
Mance. Much of this research was done in conjunction with 
development of «he Surveyor Lunar Roving Vehicle (SLEY) 
[ete Syoand Other similiar vahicles intended for use as 23 


part of space 2xploration programs. 
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MECHANICAL GEOMETRY 
VEHICLE TYPE FEATURES OF SOIL 
OF SOIL MASS SURFACE 


aN AERTS, IDEALLY SMOOTH 


PAVED ROAD 


: IRREGULAR 


HARD GROUND OBSTACLES 


WALL AND DITCH 


/ TYPE OBSTACLES 
HARD GROUND 


FLAT SURFACE 


COMP 


EK E sé UNOULATORY 


IRREGULAR 


COMPACT HARD SOIL 


FLAT SURFACE 


UNOULATORY 
IRREGULAR 
OBSTACLES 


SMOOTH OR 
COVERED wiTH 
VEGETATION 


SMOOTH OR 
UNOULATORY 


ROUGH 
OBSTACLES 





Be. MARINE CRAFT 


Mamime propulsion relies in most cases not on friction 
(more appropriately labelled drag ina fluid environment) 
but rather on change in nomentum of the water in contact 
with the vehicle's propulsive member. This momentum changes 


can be applied at the free surface 35 submerged. 
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eemcot lest Marins propulso= Wee undoubtedly the oar, 
uman energy. As vehicle size and weight 


re 
increased, the need for more thrust increased. The eventual 
fo) of 


pmer+ paddlewhecl propulsion was actually 2 concep- 
m@dat excersion of the multiple oar idea. The paddles, 
however, were arranged in a geometry more convenient for «he 


application of a mechanical driver. 
Development of subsurface propulsors, first rotating 


screws and then bladed propellors with increased efficiency, 


eclipsed paddle prepulsion. Propellors aze also, in 
general, more material conservative. The propellor is thus 


in general much smaller and contains much less naterial «han 
a paddlewheel producing th= same tneoust. These advantagss 
of prepellors led to a virtual abandonment of paddlewksel 
propulsion exceot in a few special cases. Oieme<esp=2.On is 


shallow water operation. 


C. AMPHIBIOUS CRAFT 


Amphibious craft, vehicles that arse required to operate 
Adie on ated rr ve ud 
S 


equally over land and in watar, present ea 
ties. In this case, the propulsion sy 


Tem must operat? 


meee stee ob iy not only on land and waver, but aust also be 


ju & 
{- 
re 
ct 
a) 
tt 
Kh 
p) 
@) 
(b 
e 


capable of *ransiting the matine-lan 
Design of amphibious vehicles can be classified 

SeQume-up Or cCcornversion. Pict iceOuy ee Ge ound=Ups GCosige ie 

MOrS attractive since it allows the designer total fre 


mn 
in selecting subsystems and should result in a2 compietely 
n 


new and fuliy optimized vehicle. Conversion design begins 
with an already proven vehicle from one mediun, usually 


land, which is adapted to operate in the second nediun. 
The earliest attempts at amphibious vehicle design were 
considered ground-up. Tn teality, however, nese craft 


n Cc 
involved automotive technology augmented and altered as 
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necessery to accomplish flotation and some degree of marine 
propulsion. iypecal Sonazect=ristics of some 39£ the carly 
m 


ground-up designs are summarized in Table I [{Ref. 6]. 


i aed . -_ 
| 
| TABLE I | 
: ee | 
| Ground-up Designed Amphibians | 
| NAME TISEPRANE DESIGN/ZOPERATING CHARACTERISTICS | 
| 
| | 
| Jagger Sie Used Ford Modei-T componerts | 
| Chain Drive +9 rear wheels | 
Removable padilewheels | 
Max. water speed 4 mph | 
| | 
| Jaggqer- 1928 Used Ford Modsl A comvonsnts | 
| Honukal Twin propellorcs above rear axle 
| Max water spesd 5 mph 
| | 
{ German 1944 wheal drive on land 
| Amphib. 5 2naple screw ercpellor « 
L Se@eoug Petpagera ole outboard drive 
| Max water speed 5 mph | 
| | 
} Roebling 194 3- Track propelled land and water { 
| ALiigator 1948 42x water speed 3 aph | 
| | 
i Larding 1945= Track propelied land and water 
| Vehicle Jays: Sie oudee s2= 46K | 
7 Tracked Sood water performance | 
| 
| ' 
| | 
_ ee eer i | 


During WW II, conversion became the dominan+, although 
Ret wemciusave, aethed of design. The missions for theses 
wehicles included the movement of min and machinery ashore 


from ships during amphibious assault and movement inland 
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over sand, rock, mud, and snow once ashore. Several wheeled 
versicns, primarily converted jeeps and trucks, net wach 
relative success for beach assault, and a class of tracked 
amphibians, designated "Weasels", was developed for snow and 
aud@y terrain transit. Table IIT is a summary cf some 
successful conversion designs { Ref. 7}. 


—_ 1 
| | 
| TABLE II { 
wor | 
| Conversion Designed Anphibiars 
| | 
| 
| NARE TIMEPRANE DESIGN/ZOPERATING CHARACTERISTICS : 
| : 
| Temporary 1947 Converted 4x4 1/4 ton truck 
| Conversion Remiovente FiGeazs [Or pueyaercy | 
1/4 tor Seed edgeures fot thrus 
| Unimpsded shore operation | 
| Max water speed 3 mph | 
| | 
| pad © 1941 SOMMch rod - Cowl. Cargo Cal > 76s | 
| Weasel. Permanent watertight huil | 
{ Amphibzous Ttack DropulLsSicn 
mh Cargo Extensive track shrouding | 
| Carrier Rudder steering | 
| | 
Ritchie 1942 Converted M-4Y medium tank 
a6 mee a removable shrouds/pontoons | 
| Good water performance | 
| 
: | 
} DUKW We Sonvem casoton 2-1/2 ton 250ck | 
| 1948 Wheels,land 2ppendages in "wails" | 
| Screw propellor driven | 
Max water spsed 6 mph | 
| Most widely used amphib. in WWII | 
| 
| 
cee eapeene SER SEA AE SEES OEMS SD RS OTTO A SED <A SSSA ND <A SHSSIS-SNSNSNSASESI- <SRD-GPED J 


Review of Tables I and II indicates another method of 
classification of amphibious vehicles, single or multipls 


mede cf propulsion. It is observei that «he aultiple mods 
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iS the more predominant method of propulsion. Typically 
these crart have some sort of wheeled system as the tractive 
device on land érd a propellor or waterjet for marines 
Peopulsion. This type of craft is generally easier to 
design since the propulsive means on land and in water ar 
quite different and somewhat independent and each can be 
tailored to its own mission. There are, however, some 
distinct disadvantages. The wheels required for land opera- 
jmion not only serve little purpose in he Marine 
environment, but actually increase vehicle drag as bulky 
appendages, inhibiting the marine performance. The 
propellor, on the other hand, must genarally be placed verv 
close to the vehicle hull and in some protectsd “weli™ t9 
avoid damage during landing and land Cperations. 
Miterna ively, it must be nade retractable, complicating the 
mechanical structure and increasing cost, méintenance, and 
chance of mechanical damage or breakdown. The changeover 
point from marine to land propulsion 21lso poses operational 
problems. Landfall can become an ili-defined and hazardous 
maneuver. made =20na lly, inclusion of two complete prcopul- 
Sive systems, only one of which is in use at a cime, is 
Gestainiy costly, weight and volua2 critical, and very 
inefficient. 

The cnrly vehicles to utilize a single mode of propulsion 
during this period were tracked amphibians. I= was noticed 
on ¢arly tracked vehicles that th2 track was capable of 
Meshing’ some Water thus providiag some thrust, So: hat 
Orece fleotations of the vehicle was achieved, 211 that was 
ietcnwWas cO improve the paddling etiticiency of the «racks. 
This was accomplished through attachment cf small vaddles, 
GE “@irousers"™. In order to avoid damage during land opera- 
tion, these grousers wer2 manufactured of flexible material, 
Seeearmede-O be retractable, or att2ched +o protrude inward 


Eacnet <nan ouwward fromthe track. 
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This type cf design has worked well as a land vehicle 
but only marginally in the marine environment. The major 
Mecca's assOe1etcd pvith this type of paddle mocien are (1) 
turbulerce and backflow around the paddles and (2) ccmpo- 
nents of momentum change in directions other than that 
Beguimed for forward thrust. The return or forward moving 
portion of the track produces negative thrust or drag if it 
*s submerged or water "carryover" if above the free surface. 
Vertical thrust, negative and positive, is applied at water 
entry and exit positions rasvectively. The spsavwo> =FOoos- 
tertail exhibited by many tracked amphibians is evidence of 


=he vertical components of momentum transfer with this 


design. cMpecal track design is illustrated in Figume 6 
[Ref. 8]. 
ae i ee ek Can ae a nS ar 


NOTE: SMALL_ARROWS 
INDICATE WATER 
MOMENTUM 


FORWARD 
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Figure 6 Typical Tank Track Design. 
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Numerous accessories have been introduced to reduces 
these losses. Most appear at least parzially successfui but 
generaliy cause further design or oparational complications 
and become themselves susceptible to damage. Ootimal 
nydrodynamic grouser design must be compromised with the 
requirement for resistance to damage. Sido ea oeks sano ind 
the track drive wheels are used to reduce hydrodynamic 
surbulence, but easily clog with mud and weeds. Stripping 
fenders to remove entrained water from the forward «rack, 
Gen eecr ors =O severse this forward flow at the frort of ths 
track, and small design clearance between the return portion 
oz the track and the hull of the vehicle have all been used 
with some success +o improve efficiency, bux all increase 
Queries Of damege, fouling, cr clogging during operation in 
other than clean waiter. igre Phere | provides 
hydrodynamic analysis of several track designs and add-ons 


for improvement of efficiency. 


D. SURFACE EFFECT VESSELS 


The most recent development in anphibious craft has been 
in the area of surface =2ffect vessels (SEVs). While «the 
amphibious mission has been defined as with previous 
vessels, the approach to the problem is tadically different. 

fe) 


An SZV, which generates and floats on cushion 


ju 


Meeyeide a Strict sense, be considereil to operate in water or 
on land. Nevertheless, “ha SEV functions as a viable alter- 
native +o a traditional amphibian. Several of the vehicles 
have been successfully operated over a wide variety of land 
eemucaeer COnd2+£:0Ons, Witch much success. 

The SEV has, however, some drawbacks. While it has 
proven remarkably successful over open water in high-speed 
operations, the vehicle has @xperiesnced serious mansuver- 


ability and braking problems as weil as grade ciimbing 
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limizvations during low-speed land opsrations. Another draw- 
a 


O 
back has been the persistent spray of water an 
arounag the craft due to perimeter cushion air discharge. 
Auxiliary retractable wheel systems have been designed 
and analyzed for use as a tractive ievice during low speed, 
high grade angle operations. Alternate configurations for 


traction wheel propulsion have been proposed. [Ref. 10] 


Ee COASTAL AND RIVERINE CRAFT 


+he 


During military operations in Southeast Asia 


For 


—_ —_ 


in 
1960's, small river operation proved 2xtremely iifficuls 
propeller driven craft and research was undertaken on 32 
paddlewheel propulsion system for small, Siallov.6 carats 
vessels [{Ref. 11}. The cessarch was somewhat empirical in 
nature, tilizing a number of radially bladed paddlewhesls 
Somes onm wcWenay to <hirty inch diameter with up «+o twelve 
paddles. The wheels wers mounted in a hanner to have a 
a 


= 
Manuélly adjustable immer 
Ss 


Sion level and to be manually 
stecrable. They were tested as +he propulsor on sixteen to 
twenty-one foot aluminum utility boats. 

While propulsive efficiency was NnO{ eons i ae sean 20 
detail, the overall results were very promising due to the 
eas? of operation, good maneuverability, and environmental 
Vecsg@ecata=y OL the test craft. Space tecalLy, “be paddl=- 
wheel propulsion system provided the following resuits: good 


Maneuverability by turning the entire wheel assembly, 2xcel- 
lent control of the amount of thrust produced by varying the 
immersion depth of the paddles, an 2bility <9 cross mud and 
sand bars by the "digging in" cf the paddles to act iike a 
track and push the vehicle through the mud, and tJlack of 
fouling of the wheel even when operated in thick weeds and 
Dees h. The primary problems associated with this experi- 


Mental propulsion system are the classic ones related <9 
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paddlewheel propulsion and common +0 tracked amphibian 
systems, vertical components of momentum change and entrain- 
ment of water in the forward directior. This results in 
spray and a decrease in potential 2fficiency. Pe oychae Nek 
solution in this case was once again a deflector or "spray 
shield" installed across the upper portion of the wheel. 

Research to establish optimum design parameters was 
conducted on a séemi-submerged paddle track (SSPT) propulsor. 
Tow tank thrust measurements were maie on a series of tanden 
Seseanguiar plate propulsors, varying plate aspect ratio, 
distance between plates, and speed of the track through the 
Water. {Ref. 12] 

In some designs, the blade entry and exit problem has 
bean addressed by "articulating" the blade. This mechanical 
"feathering" of the blade allows "clean" entry and exit and 
Minimizes spray generation. The system, however, increases 


in mecharical complexity and decreases in reliability. 
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III. TEST PROGRAM 


In the formulation of the test orogram it was realized 
that there would be uncontroliable variables and synergistic 
interaction between the varicus parameters. 12 Faeere a s+ 
Pemeeetmaye Ciorcumven: this difficulty, it was decided to 
develop a data base and a set of fluid behavior observations 
for a conventional unwebbed paddlewheel model. Thus the 
experiment was designed for rapid fitting out of webbing and 
minimum geometry Changs between webbed and unwebbed 


configurations. 


A. OVERALL SYSTEM 


The overall test system consisted of an existing test 
tank at the Navai Postgraduate School, the carriage or «rav- 
ersing systen, the paddlLewheel support structure, =he 
peddlewheel or surface impulse propulsor, and the instrumen- 
tation and data acquisition system. An overall perspective 


is Beelastrated in Figura 7 . 


Be. SURFACE IMPULSE PROPULSOR 


The paddlewheel propulsor consisted of 21-inch diameter 
Sijewalls of 1/2-inch plexiglass, tapered along *he outer 
edge. Toe system was fitted with 18 equally spaced, srad:i- 
aeeveOor.entead blades 12 inches wide with a3 inch chord, 
open along both the inner and outer ziges. The paddles were 
fabricated from plexiglass 1/8 inch thick and were recessed 
2 inches from the sidewall outer edge to two dimensionalize 
the flew in «he vicinity of the blades. Over the outer edge 
of each blade was attached a 1/8-inch brass channel to 
increase longitudinal stiffness of the blade and to provids 


ameans of attachment for the webbing natériail. 


oe 








Figure 7 Paddlewheel Propulsor Systen. 


[yemwepoeng WaS 24 lightweight, airtight, flexible 
fabric commonly used in the manufacture of spinnaker s 
meme meicmetO a Wideh of Slightly graaver ‘than the 12-inch 
paddle width in order to minimize gaps between € 
and the paddlewheel sidewall. The material wa 
continuous lengthwise piece and attached across th 
each paddle allowing a uniform amount of slack material in 
Seen blade cavity. Web material was cut to provides for two 


ranges of web length. 





Gne wheel rotated on a hollow, stationary shaft through 
which the wheel air supply was introduced. The shaft also 
provided a sensing port for measuring the internal air pres- 
sure. A fine mesh wite screen was fitted over the shaft 
along the supply end in order to more evenly diffuse the air 
into the wheel interior. The entire wheel was held rigidly 
together by four equally spaced rods bolted through «he 
sidewalis. 

The propulsor was gear driven through a double reduction 
of about 80:1 by a small (approximately 0.1 hp) DC metor. 


Paidle immersion depth was varied by varying the tank water 


fy 


level. Changes in bottom reaction as tank level wes verie 
wer<s considered negligible due to the small fraction of 
total tank depth to which the paddles were immersed and the 


relatively shallow nature of the intsractions observed. 


C. CARRIAGE ASSEMBLY AND FRAME 


A frame was construct2d to interface between an existing 
tank carriage and the propulsor. The frame and carriag=: 
carried the appropriate wheel drive naechanism, transducers, 
and power interfaces. 

The basic frame was constructed of 1 1/4-inch aluminum 
channel rigidly mounted to an 2xisting tank platform and to 
the paddlewheel shaft. The tank platform was configured to 
medemonerour roller bearings on trazsks along the top of the 
tank and was powered by continuous loovo cables attached +9 
each side of the track and pulley driven by a controllable 
speed AC motor. A series of floating pivots was configured 

+h 


BOmatlomweehne attecnmMent of a force sensor ir the horizontal 


irection. A plexiglass wiring board was attached for 


mouating and connection of all sensors. 
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D. DATA ACQUISITION 


The experiment was designed for automated data acquisi- 
tion toe increase the spes and accuracy of mtasuremene of 
required data during the short duration of each test run. 
Acyuired data included horizontal thrust, internal air pres- 
Sure when operated with the webbing material in placa, 
forward speed of the carriage, wheel rtpm, and voltage and 
current cf the wheel drive motor. 

Thrust was measured by a force gage block attached +o a 


floating beam. To this same pivot arm were rigidly atzached 


the wheel drive motor and the wheel shaft. Rotating on the 
Shartt were the propulsor and its drive gear. Figure @ (a) 
illustrates the arrangement. The fonces extserne!l to «he 


cr 
4 

He 
0 


= 
pivot arm/propulscer system were reactions at the pivot, 
Geavery, teaceion of the force block, and components of 
reacticn due to water contact with the immersed blades. The 
summation of horizontal components of the water reaction or 
thrust forces on the immersed blades has baen replaced in 
Figure 8 (b) with an equivalent thrust force located at thea 
Cancer cf the immersed portion of a vertically oriented 
blade. Summing moments about point 0, the pivot, to insure 
SueeeepeemeOot the pivoc arm with ragazd to rotation about 
O, the measured force of the force block was used to calcu- 
late the instantaneous thrust generated by the propuisor 
Internal pressure was monitored through a pressu 


<=ransducer mounted on the sensor board and attac 


aw 
@ 
J fre 


plastic «ubing +0 one 2ndof the hollow wheel s 
Platform forward speed and positidn were measured by 32 
velocity and position transducer mounted on the tank endwall 
and attached to the carriage by a stainless steel cable. 
Wheel rpm was measured aS a function of the DC voltage 
generated by a small DC generator geared to the paddlewheel. 
Drive motor voltage and current were measured directly. 


* 
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Figure 8 Measurement of Propulsor Thrust. 


All analog signals were then processed ‘through an 
analog-digital convertor *o a microcomputer for storage and 
processing. Figure 9 is a schematic of the data acquisition 
SYSten. Details and associated accuracies of the sensors 
and equipment used are presented in Apvendix A. 

Dhewectual data for zach run was acquired at identical 
positions in the tank. This was achieved by triggering ths 
Gata acquisition sequence from a preselected value of 
carriage position as sensed by th¢ position transducer. 
During each test run, the transducers were surveyed a number 
of times (approximately 49 passes p2r second), an average 


computed, and the data point displayed at the printer. 
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COMPONENTS 


M=DRIVE MCTOR 
P=PR. TRANSDUCER 
G=DC GENERATOR 
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Figure 9 Data Acquisition System Schematic. 


Ee. TEST SEQUENCE 


The paddlewheel propulsor nomenclature is defined as 
2tllustrated in Figure 10 . Complete system nomenclature and 
constants are presented in Appendix B. Thess variabies have 
been grouped into several convenient parameters. SVU, D744, 
and R/H define the geometry of this particular systen. 
Percent immersior, defined as D/H xX 100%, represents that 
portion of availabie blades height (and nence that portion of 
availabie blade area since B is held censtant) that is stat- 
ically immersed. While meaningful for this particular 
geometry only and not necessarily having the same effecz for 


different values of B/H or R/H, it serves aS a meéans of 
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WATERLINE 


esate ee a 
Paddle beam (12 inches) 
Paddle height (3 inches) 
Effective wheel radius, m22asured to the nidpoint 
of the immersed portion of the paddle, inches 
Maximum static draft of paddle when at rest, 


inches 
Blade tip to blade tip chord distance (3 inches) 
Blade +o blade web length, inches 
Measured wheel revolutions per minute 
iyera dapat de 3cf Cee FaacesSe Soa ftor of thee 
paddle, ft/sec 

Carriage forward speed, ft/sec 

Internal wheel pressure with web applied, psig 


Model generated horizontal thrust, 1b 


B 
Rages H 


WATERLINE 


hem came come anne a ee ee ole eee ee oS ee (Been ee me a ce eT ee Ce GR ee ei ce Sen em eS came come Som ee et eS a ED ee ee A ge eee oe 


Figure 10 Paddlewheel Propulsor Nomenclature. 
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comparison cf performance with variations in immersed arsa. 
Pe, tO the Surface nature of the propulsor/water interaction 
and the dcminance of immersion depth D over other geometric 
dimensions on this interaction, Freude number based on D was 
examined 4S a parameter fcr comparison of thrust perfor- 
mance. The Froude number range examined, 0.35 tc 2.44, 
<ypical of that encountered in some common fuil scale 


paddlewheel applications for large, Shallow-draft vessels 


J 


‘ 
4 


(Ref. 13). A summary of key parameters is presente i 
Geoie Itt . 

The data was obtained ina systenatic manner. A typical 
sequence is as follows. A particular wheel geometry, 1.3. 
unwebbed or webbed, was installed and checked for satisfac- 
tory operation. A percent immersion was selected, internal 
wheel pressure was set, and carriage speed was chosén. 
Thrust was then measured at this carriage speed for a series 
of different wheei retation speeds. The sequence was then 
repeated over a range of carriage spteds, then over a range 
of internal pressures, etc. The choice cf web length, JW, 
was controlled by two opposing requirements. The first was 
Pomme wide SULLIicCLent length to allow ceflection of th 
webbing concave inward and normal blade interaction with the 
Water during the immerses phase of operation. Second, 
however, was a requiremert imposed by this two dimensional 
moijel «hat the convex inflated lobes temain within the wall 
reo diameter to provide 2 seal with the wall and allow 
enclosure of the internal air without further attachment of 
the web to the sidewail. The two lengths chosen wer: 
selected to previde insight into the degree of Ddalance 


between +hese <two conflicting requirements. Phe (range of 


x 


hee] internal pressur2s 2xamired w2s chosen to aliow the 
hydrostatic/hydrodynamic pressure t9 interact favorably in 
determining the shape assumed by the webbing lobes at 


different speeds and immersions. For the immersion range 
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'? ae a | 
{ | 
| TABLE III | 
| Important System Parameters | 
B/E Ratio of paddle beam to hsight (4 for model) 
R/H Ratio of effective radius +o paddl2= height 


eo Sa Se eee SE eet 


% slip Peec-nt GiEsereance in baddle speed and 
Carriage speed 


% Slip = (U-V)/V¥ x 100% 


| 

| 

| 

® imm. Percent of available single paddle depth 
that is statically immersed | 

% immersion = D/H x 100% : 

: 

CT Model thrust coefficient based on static 
Erontally projected wetted area of a single | 

paddle | 

Ct= Jak | 

ae = oo a ret eee gee } 

P (V2 (B x Ds144) | 

) 

FR Froude number based on paddle immersion (D) | 


FR = V 


yg (0/12) 


bees ame — a 





| acid a cages AO gg a a mm AR my i a gy AM a ey ee A ee SS ei a a, 


Studied, hydrostatic pressure varied from 0 at the surface 
to 0.108 psig at the deepest immersion. DeEange Cr 0 et 
0-10 psig was therefore chosen in an attempt to guantif 


optimum operating pressur2 as a function of immersion and 
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speed. A list of the variables examined and «he ranges over 


which they were studied is presented in Table IV. 


od 


TABLE IY¥ 
Range of Variables Examined 


eee eS 


— ni ee ee ee 


Parame er Range 2f Values 
V, f£z/sec eo 3 oO : 
P, psig Oem. 05-0 0200 | 
W/L unwebbed, 1.33, 2.00 
*% Immersion 83867 78100 | 
% Slip 0- 100% | 

| 

; 


Reeerot Or 39 different configusations of webbing, pres- 
SULrS, immersion, and speed were studied, with between 4 and 
Hemeate DOOs=nts >ecorded for ¢ach configuration at various 
values cf percent slip. Ametotal 992 243 data ocints wese 


recorded. 
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IV. DISCUSSION 

The original data points are presented in tabular forn 
in Appendix C. A second order polynomial was applied to the 
Gata. These curves, with the original data points superin- 


posed, aze presented in Appendix D. 


A. UNWEBBED PROPULSOR 


The basic, unwebbed paddlewheel propulsor was well char- 
femerazea My “he iritial series 9£ data runs. [2 sas 
ebserved and confirmed by the curves of Appendix D that 
generated thrust increasei with increasing percent slip for 
eee ces. Configurations. In général, this increas2 was 
approximately to second order. 

hn the absence of other effects, Theis t = WOUla.) po 
expect2d to increase with increasing rotor speed, Since 
water is processed ata fastar rats. This inecrseses fhe 
ra 


ce 

"nass flew te threugh the systen" and increases the total 
momentum change. This was plainly observed at 33% immersion. 
Figure 11 illustrates, howaver, that thrust did not increase 
uniformly with speed and that the rate of increase with 
speed was different for different blade immersions. At 190% 
immersion, thrust was actually seen to peak then decrease 
with increasing forward speed. 

The clasSic problem of paddlewheel propulsion, the 
ene=rtainment of water as the blades exit the surtsace, was 
vividly observed in Figure 12. This highiy dissipative 
condition was aggravated at increased rotor speeds and at 
higher blad= immersions, and certainly detracted from che 


potential thrust generation. 
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Figure 11 Thrust vs. Speed for Yarious Immersions. 


Several different effects are thought to be responsible 
Sor this behavior. These can be related to a change in «he 
effective blade-water contact area under "dynamic" condi- 
*ions. Fluid-blade interaction is considerably mor2 complex 
and cannot be adequately described by considering only 


Static projected area of 2 particular blade. 


First, movement of the paddle through the water caused 2 
Pieeaue Of "wave" of water ahead of “he blade on its 
positive pressure side. This phenomenon increased the 
effective area of contact and conceptually increased the 
generated thrus«. The 2ffect could be expected to be nore 


pronounced at higher speeds and higher percent slip. The 


phenomenon was visually observed and is shown in Figure 13. 
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igure 13 Wave Effect Generated by the Paddle Action. 


hed 
= 


Op. iewias ohseS consideration. that, in all probabiliz 
WaS responsibis for the fall-off in thrust indicated in 
Magure 11. 

Another observed effect which c 


a) 
she effective blade area was tine ent 


on «ne blade suction side during watar é 

Was Minimal at 33% blade immersion, b 

at 67% immersion and increased dram 

immersion. As expected, the entrain fe 
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Figure 14 Air Entrained in Blade Cavities. 
Fogure 14 shows the swirling vortex action. It was observed 
that the trapped air remained as a distinct core in the 


mae clean Zone ana that i<=his core carried over inte the 


blade exit area where it "axplod¢d", generating turbulence. 
It can be conjectured that the combination of these two 


Strects altered the effective interaction area and zhus 


altered the thrust generated. The vortex action appeared to 


» 


be responsible for an 2ffective arsa decrease and the 
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accompanying loss of thrust as speed was increased. This was 
vaiid for all blade immersions. An offsetting e2ffect, 
however, was the increase in effective area dus to the wave 
buildup on the pressure face. This ceond alsomincreased 
with speed but became 125s significant at higher biade 
immersion. At 100% immersion this favorabl= e2ffect disap- 
peared altogether. Under these conditions, the interblade 
fiow phenomenon was dominated by losses due to the vertex 
core and the thrust was seen *o decrsase. 

Gomes trellating thrust coefficient to Froude number 
further illustrate these trends. t is seen in Figure 15 
eee WHele tehroust coefEicient dropped off with increasing 
speed at all levels of immersion, it did so more rapidly a* 

h 


higher immersions, where the beneficial effect of the wave 
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Figure 15 Effect of Speed on Thrust Coefficient. 
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builcéup phenomenon could not offset the vortex loss. In all 
Beedab2=eity che major ilcss was due to the water pick uo on 
the emerging side of rotation. This carryover represented 
potential energy required to be supplied by the prime mover 
and was irrécoverabie as thrust. 


Be. WEBBED CONFIGURATION 


The primary advantage anticipated from +ths app 
of the web material was a decreases in the losses associated 
wath the entrainment and carryover of water in th 
blade cavities at water exit. Other factors, however, could 
certainly be expected to affect system performance. Among 
these were the effect of alr entrained in the cavities (web 
Meyetle€s in this case) and a limit to the effective contact 
azea, imposed in this case not by the total blade height, 
but by the available web soncave deflection. Min ses Vara 
able was the independent control of the wheel internal 
pressure. This in turn affected the webbing deflection at 
Water entry and exit, as weli as during the thrust-pro 
immersed phase of operation, whers performance was altered 
by addirg the webbing material. The propulsor perfo 
was observed and its variation correlated to the abovs: 
expected effects. To the variables in the unwebbed case, 
Slip, speed, and percent immezrsicn, were added web length or 


slackness and internal wheel pressur:. 


Perhaps the most singular ¢ffect in the webbed systen 
Wess the dramatic improvement in thrust production. It was 


Sear emee share this was due to the significant reduction ina 
the water carryover on ths water exit side of the paddles. 
As the paddles approached the water surface, she @mternal 
pressure tended to inflate the webbing radially outward and 
thus "pump" the water directly aft. Thus not only was the 
water not carried up and above +he nean waterline, but it 


was directed aft parallel to the free surface. 


43 





ee ee ee ee oe ee Se er ee eee ce 


1 


| 
| 
| 
} 


4.5 | 

r THRUST vs. % SLIP | 

4 33% IMMERSION ) 

PRESSURE=.@5 PSIG | 

3 5 W/L=1.33 | 

: 

| 

3} | 

2.9 Seean 

5 (Et7See) 


ee 
4) 
1G 
20 
3G 
B 
% 
"4 
7G 
8G 
3G 


a eee ails ii, GR eo ay 2 ce) cig cc SS ie i ee ec eee 


| 


: 
| 
| 
L 





igure 16 Effect of Speed on Thrust for W/L=1.33. 


DOnbeeameousnoOrter> Of cha twe web configurations, W/L=1. 33, 
<shrust was seén +o increase with ferward speed over the 
entire range tested. Figure 16 illustrates this trend. Le 
was fcund in most cases, however, that intreducing internal 
pressure =o the paddléewheel within the web enclosure 
degraded the thrust performance of the propulsor. 422 00 
applied pressure, the material was s2en to fully deflect 
inward as expected when contacted by the water at entry and 
to deflect outwar as fac as the blade tips at water exit. 
This may have been due to centrifugal forces ch 
the material and the water which wetted the fabric. pass 
continuous inward-outward deflection apparantly introduced 


some form 0£ pumping mechanism of the “rapped intsrnal air 
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since in all cases a small internal pressure in the range of 
0.07 t0 0.02 psig was registered. PMteLestind ly. es 
configuration, no applied internal pressure, was the most 
effective at augmenting thrust production ovar that of the 
baseline unwebbed propulsor. The application cf prassure +o 
inflate =he web material only detracted from the perfor- 


Mance. Figure 17 illustrates this trend. 
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Figure 17 Effect of Internal Pressure on Thrust. 
For the longer web material, W/L=2.0, “his same self- 


generated internal pressure was observed with no internal 
pressure appiied and again this provided the optimum pericr- 
mance. Generated thrust dropped off as internal pressure was 
=ncreased., Comparison berween the two web lengths revealed 


that the longer web material proved superior. An average 
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improvement in thrust generation of about 90% was seen when 
a7 WaS increased from 1.33 «o 2.00. 

The decrease in thrust with increasing pressut¢e can be 
related to severel effects. First, the ideal case to el 
nate water pickup or carryover would be a web/léength rati 
cf W/L=1, or stretching the material from blade tip to blad 





Figure 18 Web Material with 0.1 Psig Internal Pressure. 


Dr. This, however, would prevent immersion cf the blade 


proper and eliminate blad2 "purchase" on the water. gle alls} 
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case is ebviously of no practical v2lue since material must 
be available to deflect inward during contact with the 
Moorea ucing this portion of operation the desizable web 
material should be as long as possible to provide the 
maximum bladée-water contact area. Niche aweDy Pesgen cratio 
in excess of unity, W/L>1, and applied internal pressure, 
the material assumed the shape of convex lobes during depar- 
ture from the water surfaces. Wich this geometr the 
inter-lobe apexes served to trap and carry over water. This 
effect is illustrated in Figure 18. Entrainment of water 


was seen +0 increase with increasing pressure, but sven at 


=n ilghest pressure tested entrainment did not exceed thax 
of the unwebbed case. 

With web/flength ratio greater than unity, W/L>1, and no 
appiied internal pressure, a diffarent situation was 
observed. On surface 2xit tha slack excess material simply 
folded over the leading edge of the Following blade. Tiss 


effectively stripped the interblade water and significantly 
decreased blade pickup and carryover. Pigur= 19 is) an 
example of <=he clean exit geometry found in the case of no 
appiied internal pressures 

The internal pressure aiso affected the bladé-water 
*nteraction phenomenon. Obviously, he wave buildup on the 
pressure face of zhe blade observed in she unwebbed case was 
altered by attachment of the webbing material. In this case 
no water could “"spili over the top". For a given web/iength 
ratio ard at low immersion levels, the effect was essen- 
tially unchanged with respect +o the unwebbed case provided 
nO pressure was applied. The material was siack enough and 
free to deform under the influence of the blade wave. 


However, once the blade w2s immersed sufficientiy to allow 


abe 


full web censioning under the influence of dynamic pressure, 
the web simply remained fuliy deflected inward throughout 


2ts immersed travel. 


7 





= 
ae 





Figure 19 Web Material with No Applied Pressure. 


It can be argued that some new maximum effective area 
was Created by the attachment of the web. t is clear that 
this effective area was significantly greater for the longer 


web than the shorter one. It appears that with W/L=2.0 ¢ 


h 
méximum e2ffective area was about equal to that for the 
unwebbed configuration and less for W/L=1.33. Trends in th 

> 


thrust data support this observation. The longer w 


Material performed much better than the shorter in th 
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hydrodynamic pressure the web was prevented from assuming a 
fully deployed ccencave orientation. in Pagure 20 it cam be 
seen that little inward deflection was allowed and that «he 
web was fully deflected outward even before it began to exit 
the water. In this case itis obvious that tne applied 


pressure was weli beyond the optimum. The effective cortact 


RS 





Figure 21 Heb Deflection at .05 psi and 100% Immersion. 


area was severely reduced. putin meee Liste e cone CLOSSE 
= 


bus.  Stagl “not ideal mnatching between the wheel and 
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hydrodynamic pressures. It was observed that th2 wed 
material was still not fully deflected inward. Also note- 
worthy in Figure 21 is the fact that the material began to 
deflect outward at the right of the photo as it approached 
Water exit. This characteristic deflection shape apparently 
helped *c minimize the entrainment of water. A comparison 
of generated thrust for these two configurations is shown in 
Peyucre 22. 
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Figure 22 Pressure Effect Relative to Percent Immersion. 


The interblade webbing also appeared to improve condi- 
tions in the blade entry phase. The wep prevented formation 
Of an atmospheric entry cavity on the suction face of the 
paidls. miemmeoe appeacted to “control™" ke filling of the 


suction cavity and allowed a mora gradual acceleration of 


a 





eneerocal flow field. Figure 23 illustrates the membrane 
geometry during the blade entry phase. Ee weGule Signit1- 
cance of this effect is evident by comparing entrainment for 
the unwebbed case (Figure 14 ) and for the webbed geometry 


(Figure 21). 
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Figure 23 Reduced Air Entrainment Due to Web. 
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Ve. CONCLUSIONS 


A series of useful comparison curves cf the 39 
configurations studied is provided in Appendix &. These show 
Many of the relationships among the system variables 


discussed. They ars presented in terns of thrust coefficient 


versus percent slip cver a variety of parameter variations. 
cudy of these curves ticgether with visually observed 
phenomena led 0 severzl key conclusions regarding <hse 
enhanced performance of a webbed or enclosed paddlawheel 
propuiser vs. that of a convertional paddli¢swheel. 
(1) Appiying & web material from blade tip to blade tip of a 
paddiewheel propulsor greatly enhanced *+he thrust 


Beeeuesi1on Of the unit. This was primarily due to «he 
Segmenricamt reduction of carSyover water. The benefit 
was an increase in the rearward nomentum change inparted 
women Liquid. Incr2ases of osver 600% in the thrust 
coefficient were cbhteained in ths best cases, and some 
improvement was indicated over the entire range of speed 
and percent blade immersion studied. 

(2) The ratio of web naterial length +o blade tip spacing, 
W/L, WaS @n important parameter. In the two cases exan- 
Miedeetabust denetation was increased significantly with 
an increase in W/L. An average imorovemen= of 90% was 
realized for a 50% increase in W/L. It is possible that 
avery large W/L ratio would allow fuli advantage to bs 
taken of existing bare blade d¢pth or even a possibie 


a 
extension of the effective blade contact area beyond 


that afforded by the actual blads. ieee Lams < slice may 
be attractive to sliminate the blades proper and to 
stretch web material between tension cables. 
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[Pyeeitectrnal SyStem pressure was a critical parameter. In 

the case of the small hydrostatic/hydrodynamic pressures 
encountered in this system, “he small internally gener- 
ated pressure due to cantrifugal forces was sufficient 
to provide the required deflectiann. This was true even 
at the highest speeds and at 100% blade immersion. 
Increased pressures beyond this range served as a detri- 
méen= to the vroduction of thrust. The blade material was 
Mom@magt= cO fully deflect inwaril in ordexzr to take full 
advantage of available contact area in the immersed 
zone. In the out-of-water zone high air pressure caused 
convex web geometries and increased water carryover. A 
matching problem obviously exist and operating opres- 
sures must be chosen to fit the system design relative 


to speed and total blade immersion dep<h. 


It is apparent that the introduction of webbing naterial 
on a paddlewheel system exhibits significant performance 
improvements. The interrelationships of the various parame- 
ters need to be explored further and detailed nodelling 
studies should be undertaken. 
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It is recommended that further research into the appli- 
cability of a webbed paddlewheel propulsor to existing 
transportation requirements be conducted. Some areas of 
primary concern are the following: 

(1) Accurate modelling of system parameters and material/ 

Water proper*ies should be done +o better assess the 
magnitude of importance of the effects obse 

@ake 


(2) Attempts to quantiry the advantages end disadvantages 


a 
rved. The 

modelling of the material stiffness is th y element. 
offered by the available variations in system parameters 
Sshonld be made and operating envelopes for vehicle 
speed, size, and propulsor power should be developed in 
order to determine nore precisely what applications may 
prove promising. 

feyeeeveticnal design, fabrication, and testing of full scale 
protctype propulsors should be accomplished for the 


GOrPeeca=.OnS which proves most promising. 
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APPENDIX B 
SYSTEM NOMENCLATURE AND CONSTANTS 
Paddle beam (12 inches) 
Paddle height (3 ixrches) 
Max. static draft of paddl2a when at rest, inches 


bed to. 2he tamdvoz2e o2 
paddle, #5 ghee 


ct ey 
i rh 
iD - 
= 4 


rive wheel radius, me 
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su 
mmersed porti on of S 


he 
Ppueage tip tO blads tip chori distance (3 inches) 
Blade to blade web length, inches 

Measured wheel revolutions per minutes 


Average paddle forward v2locity calculated at «he 
Heke cena of thea immersed portion of the paddle 
+/sec 


Carriage forward speed, ft/sec 


peeee ot @iffererce in paddle speed and carriages 
Spee 


*& slip = (U-V)/V¥ x 109% 


Percent of available singl2= paddle depth that is 
statically immersed 


% immersion = D/H x 190907 


Internal wheel pressure with web applisd, psig 
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CURVES OF THRUST VS. % SLIP WITH JRIGINAL DATA POINTS 


Wiecmnppendix COntairs individual closest fit curves for 
PoemesOL the 39 configurations tested. The curves are 
g 


presented as THRUST vs. & SLIP. rc 


superimposed on each curve. 
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PARAMETER COMPARISONS IN TERMS OF CT VS. % SLIP 


This appendix contains some useful comparisons of system 
parameter effects on thrust. The gata is presented in terms 
Samebanust COEFFICIENT vs. & SLIP with data gathered from the 
curve fit solutions of Appendix D. These curves are helpful 
in ascertaining the specific effects and trends caused by 


changes in system parameters. 
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